Cytosine methylation patterns are essential for the proper control of gene expression in higher vertebrates. Although alterations in methylation patterns are frequently observed in human tumors, neither the mechanisms for establishing methylation patterns during normal development nor the mechanisms leading to pathological alterations of methylation patterns are currently known. While epidemiological studies have implicated inflammation in cancer etiology, a mechanistic link has yet to be established. Investigations of inflammation-mediated DNA damage may have provided important new insights. Our in vitro studies revealed that the inflammation-mediated DNA damage product, 5-chlorocytosine, could direct fraudulent methylation of previously unmethylated CpG sites. The purpose of this study was to recapitulate our in vitro findings by introducing 5-chlorocytosine residues into the DNA of replicating mammalian cells and to examine its impact on gene expression and cytosine methylation patterns. CHO-K1 cells hemizygous for the hprt gene were electroporated with the triphosphates of cytosine [2#-deoxycytidine-5#-triphosphate (dCTP)], 5-methylcytosine [5-methyl-2#-deoxycytidine-5#-triphosphate (MedCTP)] and 5#-chloro-2#-deoxycytidine-5#-triphosphate (CldCTP), and then selected with 6-thioguanine for silencing the hprt gene. Both modified nucleotides, MedCTP and CldCTP, but not unmodified dCTP, silenced hprt gene expression. Subsequent bisulfite pyrosequencing of CpG sites within the hprt promoter region of the selected cells confirmed hypermethylation, although global methylation levels as measured by gas chromatography-mass spectrometry did not change. Modified nucleotide-induced gene silencing could be reversed with 5-aza-2#-deoxycytidine indicating an epigenetic rather than mutagenic alteration. These results provide further evidence that the inflammation damage product 5-chlorocytosine could be a link between inflammation and cancer development.
Introduction
Cytosine methylation patterns in DNA, in concert with covalent modifications to histone proteins, comprise an epigenetic code for controlling gene activity that is established during normal cellular development, but is frequently altered in human tumors (1) (2) (3) (4) . Methylation changes in human tumors are associated with inappropriate activation of tumor promoter genes or aberrant silencing of tumor suppressors (5) (6) (7) . A renewed focus on the potential role of epigenetic alterations in the development of human disease has been highlighted recently in the Roadmap to Epigenomics Program from the National Institutes of Health (8) .
DNA damage, inflammation and alterations in cytosine methylation patterns have all been associated with the development of cancer in humans (9, 10) ; however, a mechanistic link has yet to be established among them. Recent studies on inflammation-mediated DNA damage may have provided important new clues. Although it has been long known that reactive species generated by activated neutrophils and eosinophils are potent antimicrobial agents, only recently the extent of collateral damage to host DNA and proteins has been revealed. The protein damage product, 3-chlorotyrosine, has been shown to be a specific marker of neutrophil-derived HOCl damage, and it is detected in diseased human tissues associated with atherosclerosis, sepsis and lung disease (11) (12) (13) . Reactive inflammatory molecules can also cause an array of oxidized and halogenated damage products in the DNA of living cells and among these is a particularly sinister damage product, 5-chlorocytosine (14) (15) (16) . In in vitro biochemical studies, 5-chlorocytosine has been shown to mimic 5-methylcytosine in directing the binding of methylation-sensitive DNA-binding proteins (17) and in misdirecting the human maintenance methylase to fraudulently methylate previously unmethylated CpG sites (18) . While in vitro studies with 5-chlorocytosine provide a sound chemical rationale for linking inflammation, DNA damage and epigenetic changes observed in human tumors, studies with living cells are required to strengthen these links.
In order to investigate the behavior of 5-chlorocytosine in a cell culture system with respect to its ability to cause epigenetic alterations, 5-chlorocytosine was introduced into dividing mammalian cells as a 2#-deoxynucleoside triphosphate. Direct exposure of cells to HOCl would generate 5-chlorocytosine in DNA. However, it would also result in a complex array of other potentially cytotoxic and mutagenic damage products allowing for results that would be very difficult to interpret. Although mammalian cells will metabolize and incorporate 5-substituted 2#-deoxyuridine analogs into DNA, 5-substituted 2#-deoxycytidine analogs are deaminated much more efficiently than they are phosphorylated, rendering this method ineffective for introducing 5-chlorocytosine into the DNA of replicating cells (19, 20) . Triphosphate analogs in the growth medium, including 5-chloro-2#-deoxycytidine-5#-triphosphate (CldCTP), would not passively enter cells, requiring an alternative tactic. The approach utilized here was based upon previous studies that demonstrated that exogenous nucleotides can be electroporated into living cells, and specifically that the triphosphate analog of 5-methyl-2#-deoxycytidine (MedCTP) could be introduced into cells, incorporated into genomic DNA and heritably alter methylation patterns and gene expression (21) (22) (23) (24) .
In this study, we have synthesized CldCTP, examined its properties with DNA polymerase, and examined its capacity to alter methylation patterns and gene expression in replicating mammalian cells. We have also measured total 5-methylcytosine levels by gas chromatographymass spectrometry (GC-MS).
Materials and methods
Synthesis, purification and confirmation of 5-chloro-2#-deoxycytidine-5#-triphosphate 5-Chloro-2#-deoxycytidine ( Figure 1a ) was synthesized according to methods developed by this laboratory (25) . The triphosphate was synthesized according to methods published by Ludwig (26) . Briefly, 5-chloro-2#-deoxycytidine was reacted with phosphorus oxychloride under argon on ice. Tributylammonium pyrophosphate in anhydrous dimethylformamide was added, followed by tributylamine. The reaction was monitored using high-performance liquid chromatography on a MonoQ column with a gradient of triethylamonium acetate in water. The final product was purified on a MonoQ column with a gradient of triethylammonium bicarbonate in water. The identity of the desired product, CldCTP, was confirmed by electrospray ionization-mass spectrometry in the negative ion mode with a ThermoFinnigan LCQ Deca XP mass spectrometer (Figure 1b) .
Oligonucleotide synthesis and purification Oligonucleotide 22 and 30mers containing standard, unmodified bases for polymerase studies were prepared by standard solid-phase synthesis (Figure 2 ). The duplex sequence used in this study was taken from a region of the hamster hypoxanthine-guanine phosphoribosyltransferase (hprt) promoter region. The 5-chlorocytosine phosphoramidite was prepared according to the methods developed by this laboratory (25) . All other phosphoramidites used were obtained from Glen Research (Sterling, VA).
Polymerase incorporation and extension assays
Exonuclease-deficient Klenow fragment and appropriate reaction buffers and cofactors were obtained from New England Biolabs. The deoxynucleoside triphosphates (dNTPs) other than CldCTP were obtained from Roche.
For the polymerase incorporation assays, the 22mer primer, derived from the hamster hprt promoter, was 5#-32 P-end labeled by T4 polynucleotide kinase (New England Biolabs, Ipswich, MA) with [c- 32 P]adenosine triphosphate (MP Biomedicals, Costa Mesa, CA) under conditions recommended by the enzyme supplier and subsequently purified using G50 Sephadex columns (Roche, Indianapolis, IN). The labeled 22mer was mixed with a 2-fold excess of the complementary 30mer strand in 100 mM Tris-HCl pH 7.0, incubated at 95°C for 5 min and allowed to cool to room temperature slowly to create a duplex with a 5# overhang that provides a template for Klenow exo minus fragment (Figure 2a) . A time course of dCTP and CldCTP incorporation was conducted. Briefly, the labeled substrate (2.5 pmol) was incubated with 0.025 U Klenow fragment in the presence of 100 lM dNTPs and 1 lM dCTP or CldCTP in 1Â NEBuffer 2 (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl 2 , 1 mM dithiothreitol, pH 7.9 at 25°C) in a total volume of 20 ll at 37°C. One unit of Klenow fragment is defined as the amount of enzyme required to convert 10 nM of dNTPs to an acid-insoluble material in 30 min at 37°C. The reactions were allowed to proceed for 0, 0.25, 0.5, 1, 2, 5, 10 and 20 min and stopped using equal volumes of Maxam-Gilbert loading buffer (98% formamide, 0.01 M ethylenediaminetetraacetic acid, 1 mg/ml xylene cyanol and 1 mg/ml bromophenol blue). The reaction products were electrophoresed on 20% (vol/vol) denaturing polyacrylamide gels and visualized and quantified using a phosphorimager (Molecular Dynamics, Sunnyvale, CA) and the ImageQuant 5.0 software (Molecular Dynamics). The same duplexes were used to determine the K m and V max of dCTP and CldCTP incorporation. Extension assays were conducted with 0.01, 0.02, 0.05, 0.1, 0.5 and 1 lM dCTP or CldCTP, 100 lM dNTPs, 0.025 U Klenow fragment and 2.5 pmol of labeled substrate duplexes. 
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The reactions were allowed to proceed for 2 min. Reactions were then stopped, visualized and quantified as above. Non-linear regression to the fit the Michealis-Menten equation was done using SigmaPlot 10 to determine K m and V max .
For the polymerase extension assays, the 23mer primer, derived from the hamster hprt promoter, was 5#-32 P-end labeled by T4 polynucleotide kinase (New England Biolabs) with [c- 32 P]adenosine triphosphate (MP Biomedicals) under conditions recommended by the enzyme supplier and subsequently purified using G50 Sephadex columns (Roche). The labeled 23mer primer was annealed with a 2-fold excess of the complementary 30mer strand in 100 mM Tris-HCl pH 7.0 and incubated at 95°C for 5 min to create a duplex with a 5# overhang, providing a template for Klenow fragment (Figure 2b) . A time course of 2#-deoxyguanosine-5#-triphosphate (dGTP) incorporation opposite cytosine or 5-chlorocytosine was conducted. Briefly, the labeled substrate (2.5 pmol) was incubated with 0.025 U Klenow fragment in the presence of 100 lM dNTPs and 1 lM dGTP in 1Â NEBuffer 2 (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl 2 , 1 mM dithiothreitol, pH 7.9 at 25°C) in a total volume of 20 ll at 37°C. The reactions were also allowed to proceed for 0, 0.5, 1, 2, 5, 10, 20 and 60 min then stopped using an equal volume of Maxam-Gilbert loading buffer (98% formamide, 0.01 M ethylenediaminetetraacetic acid, 1 mg/ml xylene cyanol and 1 mg/ml bromophenol blue). The reaction products were electrophoresed on 20% (vol/ vol) denaturing polyacrylamide gels and visualized and quantified as described above.
Electroporation of CHO-K1 cells with triphosphates and selection of hprtsilenced cells
Electroporation was done under conditions described previously by Nyce (22) . CHO-K1 cells were obtained from American Type Culture Collection, Manassas, VA (product number CCL-61) and routinely grown at 37°C with 5% CO 2 in Ham's F12 with 2 mM L-glutamine supplemented with 10% fetal bovine serum, 10 000 U/ml streptomycin and 10 000 lg/ml penicillin, which will from this point forward be referred to as Ham's F12 complete medium. Trypsinized cells were obtained from a log-phase culture and washed twice with phosphate-buffered saline pH 7.4, and 2.5 Â 10 6 cells were resuspended in 0.5 ml buffer containing 1 mM of either MedCTP (Amersham Biosciences, Piscataway, NJ), CldCTP or dCTP (Sigma, St. Louis, MO). After the cells were incubated on ice for 10 min, electroporation was executed using 0.4 cm cuvettes with a BioRad Gene Pulser II with Capacitance Extender II Module set at 950 lF and 200 V. Post-treatment, cells were again incubated on ice for 10 min. Cells were recovered in Ham's F12 complete medium for $5-7 days before plating 1.0 Â 10 -5 cells in selective medium, Ham's F12 complete medium containing 15 lg/ml 6-thioguanine (6TG) (MB Biomedicals). Cells were grown in selective media for $15 days, when cells electroporated with MedCTP were confluent. The length of selection on average was 15 days. Viable colonies would generally appear at 7 days. These experiments were conducted in triplicate.
Reversion of hprt silenced CHO-K1 cells with 5-aza-2#-deoxycytidine
Cells that survived the selective medium with 6TG were subcultured before plating on Ham's F12 complete medium containing 5 lM 5-aza-2#-deoxycytidine (DAC) (Sigma) for 48 h, after that the medium was replaced with Ham's F12 complete medium and allowed to recover. Cells were trypsinized and then plated (3 Â 10 5 ) in the following selective medium: hypoxantine aminopterin thymidine (HAT) (Ham's F12 complete medium with 100 lM hypoxanthine, 0.4 lM aminopterin and 16 lM thymidine), Ham's F 12 complete medium with 2 lg/ml 6TG and Ham's F12 complete medium. The selection process proceeded on average for 10 days; essentially, cells that survived were grown until confluence. Most cells grown in HAT media and in both DAC treated and untreated cells were plated in this manner in order to assay for reversion of hprt silencing. These experiments were repeated in triplicate.
Bisulfite pyrosequencing
Total DNA from the CHO-K1 cells after dCTP, MedCTP and CldCTP electroporation, recovery and 6TG selection were extracted using a Qiagen DNeasy Kit according to the manufacturer's protocol. Total DNA was also isolated from 6TG-selected cells after treatment with DAC and growth in selective HAT medium. These samples were then sent for bisulfite pyrosequencing (Biotage, Charlottesville, VA) to assay for methylation status within a 290 base region (À264 to þ75, where þ1 is A of ATG transcription start site, National Center for Biotechnology Information nucleotide X53073), containing 38 CpG sites that includes the transcription start site and portions of exon 1 and intron 1.
One microgram of total DNA was bisulfite converted using the EZ DNA Methylation kit (Zymo Research, Orange, CA) according to the manufacturer's protocol. A minimum of 100 ng of DNA before bisulfite treatment was used for the DNA control.
The following primers were used for polymerase chain reaction (PCR) amplification of the region of interest: Forward-5#-GTATTTGGTTTTAG-GAGTTATTTAG-3# and Reverse with 5# biotin modification-5#-ACCYCC-TAAACCTAACTATCC-3#. Briefly, in 50 ll reactions, 100 ng of DNA was used along with 10 pmol of forward primer as well as 10 pmol of the reverse 5# biotin modified primer, 1Â PCR buffer II (Qiagen, Valencia, CA), 1. Solid-phase single-stranded DNA (ssDNA) templates were prepared according to the standard pyrosequencing sample preparation protocol at Biotage. Briefly, PCR products (10 ll of a 50 ll reaction) were captured on streptavidin sepharose high performance beads (GE Healthcare, Piscataway, NJ), washed with 70% EtOH then subsequently denatured with 0.2 N NaOH to produce ssDNA that was washed once more. The beads were then released with the ssDNA in to an annealing solution that contained 0.5 lM of the pyrosequencing primer. Samples were annealed at 80°C for 2 min. Samples were then analyzed via pyrosequencing preformed on PSQ96 HS system. Six separate pyrosequencing reactions were run in this assay to determine the methylation status for all 38 CpG sites. The following primers were used for pyrosequencing of the forward strand: CpG sites 1-7, 5#-TTGGTTTTAGGAGTTATTTA-3#; CpG sites 8-16, 5#-GTTTATTTTYGTYGTTAGGG-3#; CpG sites17-21, 5#-GGTAGYGGYGTTTGTGAT-3#; CpG sites 22-30, 5#-AGTTAGTTGGG-TTTATTTTA-3#; CpG sites 31-34, 5#-GAGGGTTTTTTTTTTATA-3# and CpG sites 35-38, 5#-GTTATGGAGATTAGTAGTTTTA-3#. Methylation at selected sites in the reverse strand was obtained using the previously mentioned PCR amplification primers and the following primers for pyrosequencing of the reverse strand: CpG sites 1-8, 5#-GAGGGTTTTTTTTTTATA-3#; CpG sites 9-15, 5#-AGTTAGTTGGGTTTATTTTA-3#; CpG sites13-20, 5#-GGTAGYGGYGTTTGTGAT-3#; CpG sites 21-25, 5#-GTTTATTTTYG-TYGTTAGGG-3# and CpG sites 26-36, 5#-TTGGTTTTAGGAGTTATTTA-3#.
Isotope dilution mass spectrometry
The global methylation status was measured with isotope dilution mass spectrometry using isotope-enriched cytosine and 5-methylcytosine standards (27) . Total DNA was extracted from CHO-K1 parental cells as well as the MedCTPand CldCTP-electroporated cells using the DNeasy Blood and Tissue Kit (Qiagen). Briefly, a total of 1 lg of DNA was used with a mixture of stable isotope-labeled internal standards consisting of 5-methylcytosine ( 
Results
The studies presented here were designed to test whether 5-chlorocytosine could mimic 5-methylcytosine in the DNA of replicating cells, as has been observed in in vitro systems (17, 18) . To accomplish these goals, the 5#-triphosphate analog of 5-chloro-2#-deoxycytidine (CldCTP) was chemically synthesized, and the product was verified by standard analytical methods including electrospray mass spectrometry (Figure 1 ). 5-Methyl-2#-deoxycytidine (MedCTP) and 2#-deoxycytidine (dCTP) were obtained from Amersham Biosciences and Sigma, respectively.
It was first established that CldCTP could serve as a substrate for DNA polymerase in an in vitro model system. We show that exonuclease-deficient Klenow polymerase incorporated dCTP and CldCTP opposite a template guanine residue with virtually indistinguishable kinetic parameters (Figure 2a) . The apparent K m 's for the substrates tested were 0.13 ± 0.01, 0.12 ± 0.02 (0.025 Units) with V max of 14.4 ± 0.03 and 13.2 ± 0.6.
In order to determine if 5-chlorocytosine could serve as a template for Klenow exo minus polymerase, an oligonucleotide was synthesized containing a 5-chlorocytosine residue and tested as a template. The data show that the polymerase inserts guanine opposite template 5-chlorocytosine residue and does not distinguish between 5-chlorocytosine (ClC) and cytosine in the template strand (Figure 2b ). These in vitro results are not unexpected as it has long been established that the halogenated uracil analog, 5-bromouracil, could be substituted for thymine in DNA-protein interactions (28, 29) and the replacement of cytosine by a 5-chlorocytosine residue has negligible impact on oligonucleotide melting temperatures (30) .
To test the capacity of 5-chlorocytosine to mimic 5-methylcytosine in the DNA of dividing vertebrate cells, CHO-K1 cells were electroporated with either dCTP, MedCTP or CldCTP. Following electroporation, cells were grown in medium containing the purine analog, 6TG, which is metabolized by HPRT to the nucleotide and subsequently incorporated into nucleic acids. The presence of 6TG interferes with the structure and function of nucleic acids, resulting in cell toxicity. If the hprt gene has been silenced, 6TG is not metabolized and cells survive. The results of this study reveal that only cells electroporated with either MedCTP or CldCTP survived 6TG selection, whereas all cells electroporated with dCTP did not (Figure 3) . The results presented here are consistent with previous electroporation studies with MedCTP and dCTP (22) (23) (24) . Attempts were made to quantify the amount of modified triphosphate incorporated into the cells after electroporation; however, as the electroporation process itself kills off the vast majority of cells, the amount of DNA available for analysis is below our limit of detection by GC-MS. Although the remaining viable cells after electroporation undergo cell division, the initial amount of 5-chlorocytosine that was incorporated will be continuously diluted by semi-conservative DNA replication and therefore cannot be measured by GC-MS methods.
Having established that the incorporation of 5-chlorocytosine could result in the silencing of the hprt gene, we sought to determine if expression could be reactivated by using the methyltransferase inhibitor DAC. Cells that survived growth in the 6TG-containing media were treated with the methyltransferase inhibitor DAC. DAC is a nucleoside analog that is metabolized to the nucleotide and incorporated into DNA where it forms a covalent-suicide complex with DNA methyltransferase (31, 32) . If the hprt gene had been silenced in the surviving cells by methylation, as opposed to mutation or gene disruption, then treatment with DAC would result in demethylation and gene reactivation. Subsequent selective HAT media allow only for survival of cells that have re-expressed HPRT. HAT media inhibits de novo nucleotide synthesis as it contains aminopterin, a dihydrofolate reductase inhibitor. For survival in HAT media, the hprt gene must be active, allowing for a functioning nucleotide salvage pathway to uptake the hypoxanthine present in the HAT media. If the hprt gene was silenced due to mutation or gene disruption, then the cells would not survive HAT selection. The results show that cells rendered resistant to 6TG by either MedCTP or CldCTP electroporation survived HAT selection following treatment with DAC, confirming that hypermethylation was the mechanism of hprt gene silencing in these cells.
If MedCTP and CldCTP indeed silenced the hprt gene by promoter methylation, methylation should be detectable in the promoter region by bisulfite sequencing. In order to confirm that changes in methylation in the hprt promoter occurred in parallel with the changes in Fig. 3 . HPRT silenced CHO-K1 cells after electroporation and selection with 6TG. dCTP-electroporated cells after 6TG selection, (a) Â4 magnification with no colonies seen and (b) Â10 magnification with no colonies seen. MedCTP-electroporated cells after 6TG selection, (c) Â4 magnification with several colonies seen and (d) Â10 magnification of one colony. CldCTP-electroporated cells after 6TG selection, (e) Â4 magnification with several colonies seen and (f) Â10 magnification of one colony.
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HPRT expression, the methylation status of a 290 bp region within the promoter of the hprt gene was assessed for the CHO-K1 cells not subject to electroporation, as well as all cells surviving selection in the 6TG media and cells surviving HAT media after treatment with DAC. In the bisulfite sequencing method, cytosine residues in DNA are converted to uracil, whereas 5-methylcytosine residues are inert. Bisulfite pyrosequencing allows quantitative determination of the extent of methylation at a particular sequence position. The results reveal that prior to electroporation only four of the 38 methylation sites studied in the promoter region of the hprt gene were methylated, and on average at a low level of ,1% (Figure 4 ). After electroporation with MedCTP and 6TG selection, the average methylation across the 38 CpG sites was 78% with a standard deviation between sites of 19%. The results obtained from the DNA of cells after electroporation with CldCTP and 6TG selection show an increase in methylation that was comparable with that found with the MedCTP-electroporated cells. Across the 38 CpG sites, the average methylation was 83% with a standard deviation between sites of 16%. These data show that, like 5-methylcytosine, 5-chlorocytosine in DNA can promote increased methylation in progeny cells.
Bisulfite pyrosequencing data obtained from the promoter region of DAC-treated, HAT-selected cells show a drastic decrease in methylation of the hprt promoter region (Figure 4 ). The average percent methylation across the 38 CpG sites decreased from 78% to 42% in the MedCTP-electroporated cells and from 83% to 52% in the CldCTP-electroporated cells. These data are in accord with the phenotypic change in HPRT expression leading to survival in HAT media.
The results from our assay of the global methylation level (5-methylcytosine to total cytosine ratio) of CHO-K1 cells prior to electroporation with MedCTP and CldCTP show a baseline of 1.74 ± 0.03% within the genome of the parental cells. Global 5-methylcytosine levels were measured following electroporation with MedCTP or CldCTP and selection with 6TG were found to be 1.78 ± 0.15% and 1.59 ± 0.06%, respectively. Electroporation and selection therefore did not increase global 5-methylcytosine levels. However, after treatment with DAC, the global methylation is reduced to 0.61 ± 0.04% and 0.95 ± 0.01% for MedCTP-and CldCTP-electroporated cells, respectively.
Discussion
Methylation of cytosine residues in promoter regions has long been correlated with transcriptional silencing. A cause and effect relationship between methylation and gene silencing was substantially strengthened by studies demonstrating that MedCTP, introduced into cells, could result in gene silencing and that methyltransferase inhibitors could cause demethylation, resulting in gene reactivation (21) (22) (23) (24) . Emerging evidence now is providing a more complete, but more complicated picture of the role of methylation in gene silencing. Methylation of cytosine residues within CpG dinucleotides substantially increases the affinity of methylation-sensitive DNA-binding proteins (33) (34) (35) . Methylation-sensitive DNA-binding proteins then recruit histone-modifying enzymes, which covalently modify histone proteins, generating compact chromatin, less accessible to transcription (3, 4) . As yet unanswered questions include how the initial methylation patterns are created in the process of cell differentiation, how these patterns are dynamically modified and how epigenetic patterns are perturbed in tumor cells. Of special interest are mechanisms that would result in inappropriate methylation of previously unmethylated sites, resulting in transcriptional silencing of tumor suppressor genes.
In parallel with these epigenetic studies, substantial efforts have been directed toward understanding pathways for DNA damage and repair. An important focus in cancer research has been on damage from endogenous reactive molecules including reactive oxygen species, reactive nitrogen species and most recently reactive halogen species such as hypochlorous acid that can cause a multitude of DNA damage products (36) (37) (38) (39) (40) (41) (42) (43) . Among the many alkylation, oxidation, hydrolysis and halogenation damage products examined to date, several have the potential to interfere with the binding of methylationsensitive DNA-binding proteins or to interfere with DNA methyltransferases (17, 18, 33, 44) . The only endogenous damage products yet to emerge that might cause aberrant methylation are the 5-halocytosine analogs, 5-chlorocytosine and 5-bromocytosine generated by activated neutrophils and eosinophils, respectively.
In in vitro studies, it has been demonstrated that methylationsensitive DNA-binding proteins cannot distinguish 5-halocytosines from 5-methylcytosine (17, 18) . In cells, this molecular mimicry could potentially result in the recruitment of histone-modifiying enzymes.
In vitro studies have also demonstrated that the hemimethylated CpG dinucleotide, a substrate resembling a methylated region following DNA replication, is the preferred substrate for the mammalian maintenance methyltransferase (18, 45, 46) . Like the methylation-sensitive DNA-binding proteins, the human maintenance methylase cannot distinguish halogenated from methylated cytosine residues (18) .
In this study, the incorporation of 5-chlorocytosine in DNA is shown to cause changes in gene expression in replicating mammalian cells. The studies described here parallel the pioneering studies on the impact of electroporation of MedCTP on gene activity (22, 23) . In those studies, it was shown that MedCTP introduced into cells is incorporated into genomic DNA and that its incorporation alters methylation patterns and a population of cells could be selected with 6TG that had silenced the hprt gene secondary to methylation of the promoter. In the studies reported here, we observed that only cells electroporated with MedCTP or CldCTP, not dCTP, were able to survive 6TG selection. This result with replicating cells is consistent with the capacity of 5-chlorocytosine to mimic 5-methylcytosine as established in in vitro biochemical assays.
The incorporation of 5-chlorocytosine into DNA was shown to alter gene expression by epigenetic mechanisms. The capacity of nucleotide analogs to alter gene expression could result from either methylation changes or by mutagenic mechanisms. If the changes result from methylation-induced silencing, the silenced gene should be reactivated by exposure of cells to the demethylating agent DAC. In accord with previous studies, we confirmed here that MedCTP-induced silencing of the hprt gene could be reversed by treatment with DAC and selection in HAT media, indicating that the MedCTP-induced gene silencing resulted from increased methylation. Identical results were obtained with CldCTP, indicating that, like MedCTP, the incorporation of CldCTP results in increased local DNA methylation. If either of the analogs examined here had diminished expression of functional HPRT activity by mutagenic mechanisms, the silenced genes could not have been reactivated by treatment with DAC.
The incorporation of 5-chlorocytosine into DNA resulted in increased levels of methylation within the hprt gene promoter. In parallel with the functional assays described above, we sought to establish that incorporation of the nucleotide analogs increased methylation in the promoter of the hprt gene after only one electroporation event. Recently developed bisulfite pyrosequencing methods allow the extent of methylation at target cytosine residues to be measured (47) . We observed that methylation of cytosine residues in the hprt gene indeed results from both MedCTP and CldCTP electroporation. In both cases, the increased extent and distribution of local methylation, followed by the decline in methylation following DAC treatment are indistinguishable. Upon the basis of the data reported here, however, we cannot determine which cytosine residues must be methylated in order to silence the hprt gene.
Although incorporation of both CldCTP and MedCTP resulted in silencing of the hprt gene and associated with increased methylation of the hprt promoter, we did not observe overall increases in total 5-methylcytosine content in the DNA. DAC treatment resulted in reactivation of the hprt gene associated with decreased methylation of the hprt promoter and significant decline of total 5-methylcytosine levels, in both cases.
In the experiments described here, electroporated nucleotide analogs would become part of the intracellular nucleotide pools and become available for incorporation into the replicating DNA. The cytosine analogs 5-chlorocytosine and 5-methylcytosine are incorporated into random positions along the DNA, potentially increasing DNA methylation by two mechanisms. In the first mechanism, DNA containing the analogs would bind with higher affinity methylation-sensitive DNA-binding proteins, and this complex could then recruit histone-modifying enzymes. In subsequent rounds of cell replication, the chromatin regions with the modified histones might provide preferred targets for DNA methyltransferases, thus propagating the initial modifications.
In a second potential mechanism, the 5-chloro or 5-methylcytosine residue incorporated into DNA during the initial cell replication would serve as the parental strand in a subsequent round of DNA and cell replication. The hemimethylated or hemi-chlorinated parental strand would then serve as a high-affinity target for the maintenance methyltransferase, generating a symmetrically modified CpG site. Having established aberrant methylation at this site, the pattern would be propagated at each cell replication. Both mechanisms are consistent with our previous in vitro studies (17, 18) . The studies described here cannot determine if one or both mechanisms account for the increased gene methylation observed in the progeny cells.
The formation of 5-chlorocytosine in DNA may provide a link between inflammation and cancer development. The development of cancer is a complex process involving multiple DNA changes in any given tumor. Agents that damage DNA tend to promote cancer development, and it is traditionally thought that damage-related changes result from damage-induced genetic mutations or chromosomal rearrangements. Growing evidence indicates that most human tumors also harbor epigenetic methylation changes that result in increased expression of tumor promoters or, more frequently, decreased expression of tumor suppressors (6, 7) .
The mechanisms by which pathologic epigenetic changes occur, as well as how DNA damage may be related to this process has yet to be fully elucidated. Among the various types of DNA damage, many would be predicted to interfere with DNA-protein interactions, potentially resulting in loss of methylation signals in progeny cells and inappropriate gene activation. In contrast, only one type of DNA damage identified to date, the 5-halocytosines, can mimic the endogenous methylation signal associated with gene silencing. Results of previous in vitro studies with 5-chlorocytosine have been recapitulated here in replicating mammalian cells, confirming the hypothesis that aberrant chlorination of cytosine residues in DNA could result in increased cytosine methylation and gene silencing that can be heritably transmitted to progeny cells.
Inflammation is one of the factors often associated with cancer development (9, 10) , although a mechanistic link has not been previously proposed. Reactive species from activated neutrophils could result in substantial DNA damage, depending upon local concentrations and the duration of exposure. Of the many damage products formed, most would be potentially mutagenic if not repaired. Although most of the promutagenic HOCl-mediated damage products 5-Chlorocytosine causes gene silencing and methylation changes would be efficiently repaired in normal cells, no repair activity has been identified for 5-chlorocytosine (25, 30) , perhaps because it is such good mimic of 5-methylcytosine, as shown by this series of experiments. The 5-chlorocytosine formed in DNA, either from direct modification of cytosine or incorporation of a modified nucleotide, could thus accumulate in a given cell with repeated exposure to inflammation. The accumulated halogenation product would then be predicted to cause increased methylation and ultimately gene silencing. Cell replication in tissues exposed to inflammation could create selective pressure for cells with altered patterns of gene expression.
We show here that the inflammation-mediated DNA damage product 5-chlorocytosine could have harmful and heritable biological consequences. 5-Chlorocytosine in DNA is recognized by cellular machinery as 5-methylcytosine, allowing this damage product to alter methylation patterns. Furthermore, because it cannot be distinguished from 5-methylcytosine, it is probably to accumulate in cellular DNA over time.
The studies here demonstrate that the incorporation of 5-chlorocytosine into DNA can increase methylation and associated transcriptional silencing of a target gene. We did not observe significant increases in global 5-methylcytosine levels, suggesting that selective pressure could influence the genomic location of methylation changes in progeny cells. In the studies reported here, 5-chlorocytosine-induced methylation changes occur acutely, whereas the role of ClC in the development of human cancer is probably to be the result of its accumulation overtime in areas exposed to increased inflammatory changes. It has recently been determined that ClC is the most likely product to form in double-stranded DNA as a result of HOCl attack (14) . Furthermore, there is evidence that ClC occurs more frequently at CpG sites as compared with non-CpG sites (14) . The incorporation of CldCTP from a damaged triphosphate pool may also contribute to the formation of ClC in DNA; however, this pathway has yet to be fully investigated. The results of the studies described here further establish a role for inflammation in epigenetic gene silencing and will hopefully lead to future studies that may help further understand the relationship between inflammation and cancer development. 
